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Structures of L proteins from La Crosse orthobunyavirus and vesicular stomatitis virus reveal
insights into RNA synthesis and distinctive mRNA capping mechanisms of segmented and non-
segmented negative-sense single-strand RNA viruses.Negative-strand RNA viruses (NSVs) are
responsible for a wide range of diseases
in plants, animals, and humans, and can
be broadly categorized as segmented
and non-segmented viruses. Orthomyxo-
viruses such as influenza A contain six
to eight RNAgenomic segments,Bunyavi-
ruses such as hantavirus contain three,
and Arenaviruses such as Lassa virus
contain two segmented RNAs. Non-
segmented NSVs (Mononegavirales)
include many deadly sporadic human
pathogens such as Ebola, measles, and
rabies viruses; vesicular stomatitis virus
(VSV) is a widely studied prototype. All
NSVs carry L proteins, the viral RNA-
dependent RNA polymerases (RdRps),
which are responsible for replication and
transcription of viral genes. The structure
of VSV L protein reported in this issue of
Cell (Liang et al., 2015) by Sean Whelan
and colleagues, is the first representative
from the non-segmented NSVs. Another
recent structural study of L protein
from La Crosse orthobunyavirus (LACV),
a segmented NSV, by Stephen Cusack
and colleagues was also published in
Cell (Gerlach et al., 2015). The structures
of VSV and LACV L proteins, together
with the structures of influenza A and influ-
enza B polymerases (Pflug et al., 2014;
Reich et al., 2014), reveal that the architec-
ture of the RdRp core remains invariant
in NSV L proteins despite their high amino
acid sequence divergence (Figures 1A
and 1B). All NSV RdRps share similar
structural and functional characteristics
required for RNA synthesis, including
RNA template entry and exit,
product exit, and catalytic addition of
ribonucleotides.
Both orthobunyavirus and influenza are
segmented NSVs but orthobunyavirushas a single chain cytoplasmic L protein,
while influenza viruses have a heterotri-
meric (PA, PB1, and PB2) polymerase
that functions in the host cell nucleus.
Despite these notable differences, both
polymerases have remarkably similar
molecular architectures and domain
structures. Segmented RNA genes are
packaged as viral ribonucleoproteins
(vRNPs) in which both the 30- and 50-
ends of vRNA interact with the RdRp
(Jorba et al., 2009). The segmented NSV
polymerases form complexes with both
30- and 50-vRNA ends, and binding of the
50 end vRNA induces conformational rear-
rangements in orthobunyavirus and influ-
enza RdRps. This information together
with the distinctly visible channels for
template entry/exit, for NTP entry, and
product exit in the structures led the
authors to propose a model for RNA
synthesis by bunyavirus RdRp (Gerlach
et al., 2015) that would likely hold true
for influenza (Pflug et al., 2014; Reich
et al., 2014); the channels are more clearly
defined in orthobunyavirus RdRp than
those in influenza. Functionally, neigh-
boring RdRps in oligomeric states of
influenza polymerase could potentially
be associated with RNA replication
(Chang et al., 2015; Jorba et al., 2009).
In addition to replicating the viral
genome, NSV polymerases also tran-
scribe the positive-sense viral mRNAs us-
ing the same vRNA template. To initiate
translation from viral mRNAs, addition
of an m7Gppp cap at the 50-end and
polyadenylation (polyA) of a 30-terminal
tail are required. Non-segmented and
segmented NSVs differ significantly in
how this is achieved. All segmented
NSVs use a ‘‘cap-snatching’’ mechanism
(Plotch et al., 1981) involving host mRNACellbinding and cleavage to create a short
capped primer (Figure 1C); the influenza
polymerase structures help in under-
standing the structural basis of this unique
process in the context of the full polymer-
ase (Reich et al., 2014).
By contrast, the non-segmented NSV
L proteins possess capping enzyme ac-
tivity, which add an m7Gppp cap to the
50-end of the nascent mRNA. Eukaryotes,
double-strand (ds)RNA viruses such
as rotaviruses, and dsDNA viruses such
as chlorella virus follow a conven-
tional sequence of enzymatic events of
(1) RNA 50-triphosphatase/ (2) guanylyl-
transferase (GTase) / (3) guanine-N7
methyltransferase (MTase) for adding
a m7Gppp cap at the 50-end of a nascent
mRNA. Non-segmented NSVs including
VSV, interestingly exhibit an unconven-
tional capping mechanism (Ogino and
Banerjee, 2007) that involves a poly-
ribonucleotidyl transferase (PRNTase)
enzyme. In VSV transcription, the capping
event outlined in Figure 1D can occur
if RdRp is paused after transcription
of 31 nucleotides. In the structure of
VSV L protein, the PRNTase domain is
resting on the polymerase core and posi-
tioned away from the MTase domain
(Figure 1B). In the PRNTase domain,
the conserved GTP-binding site and the
GTase active site, which would form
a covalent H1277-p-RNA intermediate
(Figure 1D), are 10 A˚ apart, appropriate
for carrying out the PRNTase reaction.
The PRNTase domain, however, must
move away from the RdRp core to permit
RNA synthesis, probably bringing the
PRNTase and MTase into close proximity
for 20-O and N7 methylations of the
cap. After the synthesis of an mRNA,
the L protein, like influenza polymerase,162, July 16, 2015 ª2015 Elsevier Inc. 239
Figure 1. L Proteins of Segmented and Non-segmented Negative-Sense Single-Strand RNA
Viruses
(A) The structure of La Crosse orthobunyavirus (LACV) L protein (PDB ID 5AMQ), representing the
segmented NSV viral single chain RdRp. The RdRp core has a right hand-like structure with fingers (blue),
palm (salmon), and thumb (green) domains. The N-terminal 195 residues form the endonuclease domain
(cyan), and 518 C-terminal residues that include the cap-binding domain are missing in the structure. The
cap-binding domain (orange) of influenza RdRp is positioned based on superposition of RdRp cores of the
two structures.
(B) The structure of vesicular stomatitis virus (VSV) L protein (PDB ID: 5A22), representing the non-
segmented NSV viral RdRp. The positioning of the polyribonucleotidyl transferase (PRNTase) over the
polymerase core suggests that the L protein would undergo significant conformational changes for
carrying out replication and transcription.
(C) Cap-snatching mechanism that segmented NSVs including LACV execute for transcription of viral
mRNAs. In this process, the cap-binding domain binds the pre-formed m7Gppp cap of a host mRNA, the
endonuclease domain cleaves the mRNA after 10–13 nucleotides by a two Mg2+ ion-dependent catalytic
nuclease reaction, and the viral mRNA synthesis complementing a vRNA segment starts from the 30-end of
the cleaved mRNA piece.
(D) An unconventional PRNTase-mediated capping mechanism employed by non-segmented NSVs
including VSV. In this process, the catalytic H1227 in the PRNTase domain of VSV L protein forms a
covalent histidyl-p-RNA intermediate, and a nucleophilic attack by a b-oxygen of GDP breaks the
phosphoamide bond and adds a Gppp cap structure at the 50-end of the nascent RNA. The methyl-
transferase (MTase) domainmethylates the ribose 20-O andN7 positions to complete the m7Gppp capping
process.
240 Cell 162, July 16, 2015 ª2015 Elsevier Inc.adds a 30-polyA tail by iterative tran-
scription of a U7 tract. Both structures of
L proteins (Figures 1A and 1B) represent
pre-initiation states, and it is expected
that the polymerase machineries of all
NSVs spanmultiple conformational states
for accomplishing their multiple tasks.
The cryo-EM structure determination
at 3.8 A˚ resolution of VSV L protein,
an asymmetric protein with molecular
weight <250 kDa, represents a signifi-
cant experimental advance. Dramatic ad-
vances in cryo-EM technology, including
the deployment of direct electron detec-
tors, have only recently enabled deter-
mination of complicated biological struc-
tures in atomic detail, which formerly was
only possible by X-ray crystallography
(Cheng, 2015). Additionally, a pseudo-
crystallographic refinement protocol is
used for obtaining a reliable model of
the VSV L protein. A P1 unit cell is con-
structed to cover the solvent-corrected
EM electron density map, and the struc-
ture factors are calculated from the
experimental map. The structure factor
amplitudes and phases are used to refine
the L protein model following a restrained
macromolecular crystallographic refine-
ment protocol. Routine use of this proce-
dure in addition to real-space fitting/
correlation could enhance the quality
of cryo-EM macromolecular structures.
An alternative approach that is under
development in the Phenix program sys-
tem is to perform all of these refinement
operations in real-space using the cryo-
EM-derived experimental electron den-
sity map.
Viral polymerases are among the leading
therapeutic targets for treating infections
caused by viruses. The recently approved
ribonucleoside analog sofosbuvir is highly
successful in treating hepatitis C infection,
and HIV-1 reverse transcriptase has been
targeted by 13 FDA-approved nucleoside
and non-nucleoside drugs (Das and Ar-
nold, 2013). Structural insights into L pro-
teins may facilitate targeting these large
multifunctional molecular machines with
nucleoside analogs, and with specific allo-
steric inhibitors that would restrict the
conformational mobility of an L protein.
Capping mechanisms for non-segmented
and segmented viral mRNAs are different
from capping in eukaryotic including hu-
man mRNAs and therefore serve as prom-
ising targets for drug discovery. Structural
insights into these distinct capping
mechanisms by the L proteins of NSVs
are particularly useful to develop effective
and selective antiviral strategies.
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How is sensory information transformed by each station of a synaptic circuit as it flows progres-
sively deeper into the brain? In this issue of Cell, Mauss et al. describe a set of connections in
the fly brain that combines opposing directional signals, and they hypothesize that this motif limits
global motion noise as the fly moves through space.To understand ‘‘how the brain works’’ will
require a thorough explanation of how
neural circuits transmit and elaborate rep-
resentations of the sensory world from
one synapse to the next. A lot is known
about the specialized tuning of neurons
in the sensory periphery. A lot is also
known about neurons that reside deep in
the brain and how their activities relate
to perception and behavior (e.g., Britten
et al., 1992). A major goal of modern
neuroscience is to bridge these levels of
understanding by deciphering how pe-
ripheral signals are kept separate or
are combined in specific ways in order
to generate more elaborate sensory
representations. In this issue of Cell,
Mauss et al. (2015) provide an elegant
example of how neurons several syn-
apses deep into the fly brain encode
specific categories of information about
the visual world and thereby createbehaviorally relevant, coherent motion
representations.
The computation of directional motion
signals is fundamental to the survival
of many animals. In the mammalian
retina, direction selectivity arises from a
circuit involving asymmetric inhibition
of interneurons onto direction-selective
retinal ganglion cells (DSGCs) (Briggman
et al., 2011). Several theories have been
raised about how the mammalian brain
uses information extracted from DSGCs
to create more sophisticated receptive
field properties in downstream neurons,
such as ultra-sharp direction tuning or
the property of orientation selectivity
(Levick et al., 1969; Cruz-Martı´n et al.,
2014). Recent work showed that, in
flies, temporal delays in synaptic con-
vergence, not asymmetric inhibition,
establish the first set of visual neurons
that encode directional motion (Maisaket al., 2013), thereby confirming the
classic model first proposed by Hassen-
stein and Reichardt (1956). Serial elec-
tron microscopic (EM) analyses showed
that these temporal delays arise in the
signals transferred several synapses
downstream from the retina, in the me-
dulla (Takemura et al., 2013). Maisak
et al. showed that, in turn, direction-
selective medullar neurons (T4/5) project
to their target, the lobula plate, in the
form of a layered map whereby each
layer represents a different cardinal di-
rection of motion. This organization
raises an exciting mystery: how are
the various directional motion signals
combined at deeper stations within the
brain?
In this issue, Mauss et al. character-
ized the role of lobula plate local neu-
rons in directional signal computations.
First, the authors labeled the neurons162, July 16, 2015 ª2015 Elsevier Inc. 241
